We report a systematic investigation of ac magnetic susceptibility in (Ga,Mn)As films as a function of temperature and magnetic field, carried out in parallel with dc magnetization measurements. The temperature dependence of ac susceptibility χ ac shows anisotropic behavior: 1) a single peak in χ ac is observed close to T C for the [110] orientation of the driving ac field; 2) a single peak is also seen close to 22 K for the field along [110]; and 3) peaks at both these temperatures are observed for the field applied along [100]. A detailed analysis of the ac and dc data unambiguously indicates that the peak near T C is related to the paramagnetic-to-ferromagnetic phase transition, with the ferromagnetic domains nucleating with their easy axes aligned with the [110] direction, providing a clear picture of uniaxial domain behavior near T C . The peak near 22 K, on the other hand, is related to the onset of biaxial domain structure in (Ga,Mn)As induced by the competition between uniaxial and cubic anisotropy. More specifically, the ac susceptibility peak near T C involves 180°magnetization flips along the [110] easy axis of the domains, while the peak near 22 K originates from magnetization wobbling between two biaxial easy axes separated by a small angle.
I. INTRODUCTION (Ga,Mn)As has emerged as the most fully studied ferromagnetic semiconductor [1] , showing excellent magnetic properties. Many of the attractive properties of (Ga,Mn)As arise from its magnetic anisotropy and the dynamics of magnetic moment switching in this material [2] [3] [4] [5] . The understanding of the magnetization switching process in (Ga,Mn)As will therefore be essential in developing new devices for which the control of magnetization is required [6] [7] [8] . Measurements of ac magnetic susceptibility χ ac in (Ga,Mn)As have already been shown as a highly promising tool for obtaining dynamic information on the magnetization switching phenomena [9] [10] [11] . The interpretation of the experimental χ ac results is, however, still under debate. In particular, the issue is whether or not a single-domain spin-reorientation transition alone can describe the observed ac susceptibility [11] . This has prompted us to carry out systematic parallel studies of ac and dc magnetic measurements on (Ga,Mn)As films, in the hope of obtaining further insight into the nature of magnetic ac susceptibility of this material. Furthermore, these results may provide valuable insight into the dynamics of magnetic domain motion in (Ga,Mn)As films.
II. EXPERIMENTAL
The (Ga,Mn)As samples for this study were grown on (001) semi-insulating GaAs substrates in a Riber 32 research and development molecular beam epitaxy machine under the As-rich growth conditions. An as-grown 90 nm (Ga,Mn)As epilayer with a nominal Mn concentration of 6% was investigated in order to compare with the previous results in [9] and [10] . The growth of the samples was monitored by in situ reflection high-energy electron diffraction (RHEED). Throughout the growth, no spotty patterns were observed in the RHEED pattern, indicating excellent 2-D deposition.
The magnetic ac and dc properties of the (Ga,Mn)As film were measured using a Quantum Design MPMS XL superconducting quantum interference device magnetometer on a 4.2 mm × 3.2 mm specimen cut from the as-grown epilayer. The ac and dc measurements were performed with the magnetic field applied in the plane of the (Ga,Mn)As film [i.e., in the (001) crystallographic plane] as a function of temperature and magnetic field. Special attention was given to the temperature region near the Curie point, and to the temperature at which the dominant anisotropy switches from biaxial to purely uniaxial behavior. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Fig. 1 indicates a significant phase lag between the ac magnetization and the driving field for the as-grown (Ga,Mn)As film. The results illustrated in Fig. 1 clearly indicate the highly anisotropic properties of the ac magnetic susceptibility in (Ga,Mn)As samples. One should also note that the peak occurring near T C shows a clear dependence on the frequency of the ac driving field, while the low-temperature peak appears weakly frequency-sensitive. As discussed below, this suggests that the mechanisms responsible for the two peaks in the χ ac are different. In order to gain insight into the origin of the ac susceptibility peaks seen in Fig. 1 , we carried out dc measurements of the magnetization as a function of temperature as well as a set of dc hysteresis loops at several key temperatures. As shown in Fig. 2(a) , the Curie temperature T C of the (Ga,Mn)As sample is ∼57 K. For T < 17 K, the remnant magnetization along [100] has the highest value, indicating that the magnetic easy axis of the film lies close to the [100] direction at low temperatures. Importantly, a prominent kink in M versus T curves is observed near 27 K for magnetizations along [100] and [110] , indicating a change in the properties of magnetic anisotropy near that temperature [12] , as discussed below.
III. RESULTS AND DISCUSSION
It is well known that the in-plane magnetic free energy of (Ga,Mn)As can be described by a single-domain model [13] 
where K U and K C are the lowest order uniaxial and cubic anisotropy constants, M is the magnetization, H is the external magnetic field, and θ and θ H represent, respectively, the orientations of magnetization and of applied magnetic field measured from the [110] axis. We thus apply the single-domain model to fit the remnant magnetizations. The fitting results [solid lines in Fig. 2(a) ] indicate that the system behaves exactly as a single, uniform domain except ∼27 K, so that (1) can be used to extract the ratio of anisotropy constants K C /K U , as plotted in Fig. 2(b) . The temperature dependence of K C /K U shows a power-law dependence [10] 
with K C /K U = 1 at T = 27 K. From Fig. 2 (c) one can clearly see that at T = 5 K the in-plane magnetization is biaxial, but strongly dominated by cubic anisotropy. The departure from perfect cubic symmetry even at this low temperature is evidenced by the small intermediate step, which occurs as M [100] switches sign during the reversal process. The admixture of uniaxial anisotropy increases with temperature, leading to a crossover of the highest remnant magnetizations from [100] to [110] orientations, as reported in [10] , [14] , and [15] .
The dc hysteresis loops for T = 22 K and T = 53 K along different in-plane directions (i.e., near the temperatures at which the ac susceptibility exhibits peaks) are also shown in Fig. 2 . In Fig. 2(d) , for magnetic field applied along [110], the M-H loop shows a coercivity, which is smaller than the amplitude of the driving field (3.77 Oe) used in the ac measurements. This means that the ac magnetic field applied along [110] is sufficient to switch the sign of the magnetization component along that direction, causing the total magnetization to wobble between two easy axes that lie very close, but no longer coincide with the [110] orientation because of the onset of biaxial symmetry [14] .
To obtain a more detailed picture of mechanisms relevant to the ac susceptibility peaks, we carried out detailed measurements of dc hysteresis loops near T = 22 K and T = 53 K, i.e., where the peaks are observed. The temperature mapping at the higher temperature (i.e., near the Curie point for the sample used in this paper) is shown in Fig. 3 . As can be seen, no hysteresis loops are observed when T = 57 K, consistent with T C of the samples being ∼57 K. Upon lowering the temperature, the sample becomes ferromagnetic and is dominated by uniaxial anisotropy, with easy axis along [110] and hard axis along Fig. 3(c) is larger by √ 2, because the projection of the field is smaller by that factor.) As the ferromagnetic domains begin to form below 57 K with their easy axes along [110] , their coercive fields are sufficiently small to be flipped by the driving ac field, thus contributing to the resulting ac magnetization. However, as the temperature decreases, the coercivity increases, eventually exceeding the amplitude of the driving ac field of 3.77 Oe. When this occurs, the spins can no longer be flipped by the ac field, and χ ac disappears (in our case near 49 K), thus explaining the peak in the susceptibility.
In Fig. 3(d) -(f), we show frequency scans for the ac magnetic susceptibility carried out at several temperatures to explore the thermal dependence of the magnetic relaxation time. The least-squares fitting [solid lines in Fig. 3(d) ] of the real susceptibility data χ versus frequency according to the Debye model produces the characteristic relaxation time (τ ) at different temperatures [data in Fig. 3(f) ] [16] , which can be used to analyze the magnetic moment relaxation process phenomenologically [17] . More significantly, when used in a Cole-Cole plot (not shown here), these results represent the phase transition between two dynamic modes of domain wall movement [18] : 1) a switching mode (complete polarization reversal of the domain during field cycling) and 2) a slide mode (viscous wall motion in an ac field), as noted in Fig. 3(f) . Thus, these results shed light on the dynamics of domain movement around the critical temperature.
The mechanism behind the ac susceptibility peak near 22 K is different, and is associated with the emergence of a finite M [110] that signals a transition from a purely uniaxial domain to biaxial domains. Just as this begins to occur (at ∼27 K in Fig. 4) , the coercivity for the [110] direction is sufficiently small for the magnetization to be driven back and forth by the ac magnetic field, thus contributing to the ac susceptibility for that direction. As in the case near T C , however, the [110] coercive field again increases with decreasing temperature, eventually exceeding the ac driving field (in our case below ∼17 K), resulting in the low-temperature peak seen in Fig. 1 . The presence of the low-temperature peak in the [100] panels in Fig. 1 arises of course from a projection of M [110] on the [100] direction.
In Fig. 4(d) and (e), detailed frequency-dependence of the ac susceptibilities χ and χ are plotted as a function of temperature between 18 and 28 K. We note that, unlike the case of the ac susceptibility peak observed just below T C , the peak around 22 K appears to be weakly sensitive to the frequency of the applied ac field. In particular, both χ and χ monotonically decrease as frequency increases for temperatures below 22 K, while χ shows no sensitivity to frequency above 23 K.
Physically, we can visualize the emergence of a M [110] component as a tilt of the easy axes by an angle θ away from the [110] axis, so that the ac susceptibility is a measure of the switching of the magnetization vector between two easy axes oriented symmetrically on either side of [110] , as discussed below. In order to determine the easy axes, we differentiate (1) with respect to θ ; the obtained equation can then be solved for minimum energy conditions at zero applied field. When K U > K C , θ = 0 is the minimum energy solution, representing a uniaxial easy axis along [110] . When K U < K C , on the other hand, there are two energy minima located on the two sides of [110] (two easy axes), representing biaxial symmetry. In the latter case, two-step hysteresis loops are observed when the field is applied along [100], arising from a linear combination of two independent hysteresis loops associated with the [110] and [110] directions. At this condition, at H = 0, the magnetization points at angle ±θ , obtained from
We extracted the values of M [110] and M [1100] at zero field from the M-H loops in Fig. 4(a) and (b) , and calculated θ for each temperature. The results are plotted in Fig. 5 . Below T < 27 K, θ is monotonically dropping from 36°to 0°as the temperature increases, thus suggesting a biaxial domain structure shown by the inset in Fig. 5 (in the bottom-left panel) . On the other hand, when T > 27 K, the minimum energy point is at θ = 0°, indicating a uniaxial domain structure. Thus, θ undergoes a transition at ∼27 K, i.e., when K U /K C = 1. This feature was previously investigated in [14] using planar Hall effect measurements. In addition, our result is also consistent with several other works [19] [20] [21] . In Fig. 5 , the solid curve below 27 K was produced based on (2).
As stated above, a phase transition from biaxial domain structure to uniaxial domain structure occurs at the discontinuity in θ around a critical temperature ∼27 K, where a drastic increase in domain nucleation events is observed [20] , [21] . In (Ga,Mn)As films, 180°Néel-type domain walls oriented along the easy axis [110] dominate in the temperature range between T C and 27 K, while at temperatures below 27 K, the magnetic reversal along the [110] direction is governed by a 2θ wobbling domain wall motion. Since the ac susceptibility peak just below T C involves the dynamics of 180°domain walls, which may require relatively large response times, a frequency-sensitive behavior is expected, as is indeed observed in Fig. 3(f) . On the other hand, the wobbling magnetization vector between two biaxial easy axes separated by an angle of 2θ might require small response times, so that the responding ac peak shows considerable frequency-dependence below 22 K in our frequency window.
Note, finally, that along the [110] direction, a small ac susceptibility signal appears at T C and gradually increases with decreasing temperature. This tail can be well explained as a field-induced rotation of magnetization proposed in [10] . Indeed, as we apply the single domain model, the expected magnetic susceptibility is proportional to 1/|K C -K U |, suggesting that a singular point should be observed at the condition of K C = K U (i.e., T = 27 K). However, the dramatic peaking of χ ac observed for [110] at T = 22 K suggests an alternative mechanism, which we attribute to the onset of biaxial domain structure, as discussed above.
IV. CONCLUSION
In summary, we carried out systematic ac and dc measurements on a (Ga,Mn)As epilayer. The ac magnetic susceptibility is observed in the form of two peaks, one occurring just below T C and the other just below the temperature of the kink in the M versus T curves, where the uniaxial domain makes a transition to biaxial domains. We associate the high-temperature peak with 180°reversal of the magnetization of domains that form and gradually grow below T C , and we interpret the low-temperature peak as arising from the wobbling of total magnetization between two easy axes oriented symmetrically around the [110] direction due to the competition between cubic and uniaxial anisotropies. The two ac susceptibility peaks show a very different dependence on the frequency of the ac driving field, suggesting that different domain wall motions are involved in these two cases. Further study of these frequency dependences should provide important information on spin dynamics in (Ga,Mn)As films.
